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The upper critical field Hc2 of optimally doped iron-based superconductor SrFe2(As1−xPx)2 (x
= 0.35, Tc = 25 K) was measured as a function of temperature down to 1.6 K for two principal
directions of magnetic field H ‖ c and H ‖ a. Measurements were performed in pulsed magnetic
fields up to 65 T using a tunnel-diode resonator technique on as-grown and heavy-ion irradiated
single crystals, with columnar defect density corresponding to a matching field Bφ = 25 T. The
Hc2,c(T ) is close to T -linear, while clear saturation is observed for Hc2,a(T ), leading to a strongly
temperature dependent anisotropy parameter γ. The linear shape of Hc2,c(T ) is very similar to that
observed in nodal KFe2As2 but very different from full-gap LiFeAs. Irradiation does not introduce
any additional features on Hc2(T ) line corresponding to the matching field. Instead, it suppresses
uniformly both Tc and Hc2, keeping their ratio constant.
INTRODUCTION
Superconductivity in the AEFe2As2 (AE = Ba, Sr
or Ca) family of compounds, frequently referred to
as 122 iron pnictides, can be induced in a variety of
ways. It can be achieved by hole-doping with alkali A
metal substitution of alkali earth metal AE [1–3] as in
(Ba1−xKx)Fe2As2, transition metal substitution on Fe
site as in AE(Fe1−xTMx)2As2 [4, 5], or isoelectron sub-
stitution on As site as in AEFe2(As1−xPx)2 [6–8]. In the
rest of the text we will label materials by the type of
AE and dopant elements, such as BaK122, BaTM122,
or BaP122.
Approximately the same maximum Tc of about 30 K
is achieved for most alkali earth elements and substi-
tutions, which suggests common origin of superconduc-
tivity for this class [9–11]. Another unifying feature is
universal observation of superconductivity in close prox-
imity to stripe-type antiferromagnetic order, with maxi-
mum Tc(x) observed at a doping level close to a critical
point where the antiferromagnetic ordering temperature
TN (x)→ 0.
Despite this common phenomenology, studies of the
normal state resistivity [12–16] and superconducting
state properties, see for example [17, 18] for review, re-
vealed unexpected diversity. For example, studies of the
superconducting gap structure from penetration depth
[18–20], directional heat transport [21, 22], and heat ca-
pacity [23–26] as a function of doping suggested full gap
at optimal doping universally in BaTM122 and BaK122
[27], evolving towards strongly anisotropic and nodal in
the under-doped and overdoped regimes. A similar trend
is found in the other families of iron pnictides, e.g. Co-
and environmentally doped NaFeAs [28] and Ca10-3-8
[29]. In sharp contrast, the gap is nodal in BaP122 at
optimal doping [30], it remains nodal for all composi-
tions, and clear signatures of a quantum critical point
can be tracked in the properties of the superconducting
condensate [31].
Limited data about the superconducting gap structure
available for compounds with other alkali earth metals,
different from Ba, suggest that these unique properties
of phosphorus doped compositions may be universal, and
are at least observed in SrP122 [32–34]. It is therefore
of interest to get a broader insight into the properties of
P-doped materials.
The upper critical field of iron pnictides was stud-
ied systematically over the phase diagram of BaCo122
[35, 36] and revealed a clear distinction between under-
doped and over-doped regimes. This distinction was sug-
gested to be linked with change of the topology of the
Fermi surface, however, it can be related to the evolu-
tion of the superconducting gap anisotropy in this family
as well. Indeed, in stoichiometric iron-pnictide super-
conductors, full gap LiFeAs [37, 38], and nodal KFe2As2
[39–44], studies of the upper critical fields [45–48] reveal
significantly different temperature dependences. Rela-
tively little is known about Hc2(T ) of P-doped materials
in which measurements so far were limited to a temper-
ature range close to zero-field Tc [49–51], and in view of
suggested nodal gap structure it is of interest to get in-
sight into the temperature dependent upper critical field
of this system.
In this article we report measurements of the
anisotropic upper critical field in single crystals of op-
timally doped SrP122, x = 0.35, using the pulsed mag-
netic field facility at Los Alamos National High Magnetic
Field Laboratory. We find a clear difference between the
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FIG. 1. (Color online) (a) Temperature dependent in-
plane resistivity of the representative sample of pristine
SrFe2(As1−xPx)2, x = 0.35. Close to perfect T -linear de-
pendence is observed in the temperature range from Tc up
to 400 K. Resistive transition ends at ∼ 25 K, close to the
magnetic transition observed in zero-field TDR measurements
(b). The bottom panel (c) shows TDR frequency shift (in ar-
bitrary units) measured as a function of magnetic field during
pulsed field experiments at indicated temperatures. The lines
show the way the Hc2 was defined from the data as a cross-
over point of linear extrapolation of the rapid frequency drop
to the level of the background signal.
temperature-dependent Hc2 for fields along and trans-
verse to the tetragonal c-axis. The dependence for H ‖ c
is close to T -linear, which is very similar to the behav-
ior found in previous studies on nodal KFe2As2 [48], but
very dissimilar with that of full-gap LiFeAs [45]. In ad-
dition, we find monotonic suppression of Tc, Hc2,a and
Hc2,c with heavy-ion irradiation.
EXPERIMENTAL
Single-crystalline samples of SrFe2(As1−xPx)2 were
grown using the self-flux method, see Refs. 30 and 52
for details. Typically samples had a shape of irregular
platelets, with in-plane dimensions (0.3-1)*(0.3-1) mm2
and thickness 0.02 to 0.1 mm. A sample composition
of x=0.35 was determined using EDX analysis. For our
study we used several samples from the same batch. Four
Sn-soldered contacts [53] were attached to one of the sam-
ples to measure in-plane resistivity, plotted using normal-
ized ρ(T )/ρ(300K) in Fig. 1(a). The value of ρ(300K)
was about 300 µΩ·cm, close to a value found in BaP122
[13]. Samples show very close to perfect T -linear tem-
perature dependence, which is similar to the dependence
found in BaP122 at optimal doping, both for in-plane [30]
and inter-plane [13] transport. The resistive transition is
rather sharp, ∆Tc ∼ 2 K, and its end point at 25 K is
close to an onset of a sharp frequency shift in zero-field
TDR experiments.
For this study we used two small single crystals from
the same batch. One sample was irradiated with 1.4 GeV
208Pb56+ ions at the Argonne Tandem Linear Accelerator
System (ATLAS) with ion flux of 5x1011 ions·s−1·m−2.
The thickness of this sample of approximately 20 µm
was much smaller than stopping distance of the ions, ≈
60 µm, thus allowing creation of columnar defects. As-
suming that each defect acts as a pinning center for one
magnetic flux quantum, this irradiation corresponds to
a matching magnetic field of approximately 25 T, corre-
sponding to a dose of 1.2×1012 ions·cm−2.
Zero-field measurements on the samples used in pulsed
field studies in Los Alamos NHMFL were performed
in a separate TDR setup in Ames laboratory, see
Ref. 54 for details of the TDR measurements. A typ-
ical temperature-scan for pristine sample of SrP122 is
shown in Fig. 1(b). Onset of superconductivity at Tc =
25 K provides a clear change of the tunnel diode reso-
nance frequency. Similar frequency variations are found
in isothermal pulsed magnetic field sweeps, as shown in
Fig. 1(c). During pulsed field experiments samples were
glued with GE varnish to a pancake coil for the TDR
setup. The whole assembly was aligned under the mi-
croscope with respect to sample holder, providing the
accuracy within 2◦ with respect to the principal crystal-
lographic directions.
RESULTS
In Fig. 2 we plot Hc2(T ) as determined from pulsed
field TDR measurements at differemt temperatures for
pristine and irradiated samples. Note, that zero-field Tc
was determined in a separate experiment, so that the
Hc2(T ) behavior close to zero field Tc(H = 0) is not
well defined. Several features of the data should be men-
tioned. The data for magnetic fields perpendicular to the
plane field orientation, Hc2,c(T ), in general follow a T -
linear dependence. The data for magnetic fields parallel
to the plane, Hc2,a(T), show a clear tendency for satu-
ration approaching T = 0, which is a common expecta-
tion for both orbital [55] and paramagnetic [56] limiting
mechanisms of the upper critical field.
In Fig. 3 we plot the temperature-dependent
anisotropy parameter, γ ≡ Hc2,a/Hc2,c, for pristine
and irradiated samples of SrP122. As is common for
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FIG. 2. (Color online) The temperature dependent up-
per critical fields for pristine (black open symbols) and ir-
radiated (closed blue symbols) samples of optimally doped
SrFe2(As1−xPx)2 with x = 0.35, as determined from pulsed
field measurements in magnetic fields parallel to the c-axis
(squares) and to the conducting ab−plane (circles). The lines
connect data points and do not show true position of zero-field
Tc, determined in separate experiments.
iron-arsenide superconductors, the anisotropy parame-
ter is strongly temperature dependent. In most of the
iron-arsenides the anisotropy parameter monotonically
decreases upon cooling [57–59]. Upon irradiation the
Hc2 anisotropy decreases, whereas Tc is hardly changed.
These findings are similar to the results on heavy-ion irra-
diated optimally doped BaK122 [60]. Taken in conjunc-
tion with flattening of Hc2,a(T ), this fact is frequently
discussed as a signature of paramagnetic effects in mag-
netic fields parallel to the plane [56]. Alternatively, the
same feature of monotonically decreasing upon cooling
γ(T ) is explained as a consequence of strong multi-band
effects in iron pnictides [58].
DISCUSSION
For the description of the upper critical field in SrP122,
it is important to understand the superconducting gap
structure of this material. Although the detailed mea-
surements as a function of doping were not performed
yet, the available NMR [32], microwave [33], and radio-
frequency London penetration depth [34] measurements
suggest that the superconducting gap of optimally doped
SrP122 is nodal.
The effect of the nodal gap structure on the temper-
ature and angular dependence of the upper critical field
is a long standing problem in the field of unconventional
superconductivity, stemming back to the early 80’s [61].
While these effects in multi-band superconductors may
be far too complicated [58], we decided to take a purely
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FIG. 3. (Color online) The temperature-dependent
anisotropy parameter γ(T ) ≡ Hc2,a(T )/Hc2,c(T ) in pris-
tine (open circles) and irradiated (closed circles) samples of
SrFe2(As1−xPx)2, x = 0.35.
empirical approach and compare the temperature depen-
dent Hc2 for various iron-based materials. Stoichiometric
superconductors provide a good reference point. There is
ample evidence that the superconducting gap of LiFeAs,
believed to be representative of slightly overdoped regime
[62], is full and practically isotropic with only minor
multi-band effects [37, 38]. The superconducting gap of
KFe2As2 is nodal, as suggested by a plethora of various
experiments, although the exact origin (accidental S± or
symmetry imposed d-wave) and location of the nodes is
heavily debated [43, 44].
In Fig. 4 we compare the Hc2(T ) curves for two prin-
cipal directions of the applied magnetic field in SrP122
with those for LiFeAs and KFe2As2. One feature of the
data is obvious. While the Hc2,c(T ) flattens in LiFeAs,
as expected for s-wave superconductors in WHH the-
ory [55], the dependence is roughly linear in SrP122 and
KFe2As2, - the materials with the nodal superconducting
gap. The behavior in magnetic field parallel to the plane
is not as different, with all compounds showing clear sig-
natures of saturation on approaching T = 0.
In Fig. 5 we compare the temperature-dependent
anisotropy parameter, γ(T ), of pristine samples of
optimally doped SrP122 with γ(T/Tc)/γ(0) in nodal
KFe2As2 and full-gap LiFeAs. Reflecting mainly the dif-
ference in the behavior of Hc2,c(T ), the behavior of γ(T )
is dramatically different for nodeless and nodal materials.
While the saturation of Hc,a2(T ) on approaching T=0
in magnetic field parallel to Fe-As planes is in line with
the predictions of both orbital and paramagnetic mech-
anisms of Hc2,a(T ) [55, 56], a near T -linear dependence
for H ‖ c is quite exotic, and its origin is not well un-
derstood. Several experimental studies reported nearly
T -linear Hc2,c(T ). Nearly straight Hc2,c(T ) for H ‖ c
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FIG. 4. (Color online) The H − T phase diagram of
SrFe2(As1−xPx)2, x = 0.35 (red). Normalized H/Hc2(0) is
plotted vs. normalized temperature, T/Tc(0). Solid symbols
show Hc2 ‖ c−axis and open symbols show Hc2 ‖ ab−plane.
For reference we show similar plots for full-gap superconduc-
tor LiFeAs (green up-triangles) [45], and nodal KFe2As2 (blue
circles) [48].
was observed in MgB2 [63] and was explained in the
orbital-limiting model for two-band superconductivity in
the dirty limit. If the two bands are characterized by the
equal diffusivities D1 = D2, the Hc2(T ) follows WHH
type dependence [55], however, if the diffusivity in a
weaker band D2 is much smaller than the diffusivity
D1 in a stronger band, Hc2(T ) has upward curvature.
Thus, there is a ratio D2/D1 at which Hc2(T) becomes
nearly straight. Similarly, near T -linear Hc2(T ) was ob-
served in doped iron-based superconductors, BaCo122
[64], BaK122, and FeSeTe [65]. However, due to very high
values of Hc2(0) it is not clear whether this linear behav-
ior will change to a saturation at the lowest temperatures.
In all these materials the linear T−dependence was ex-
plained in a similar multi-band scenario in the dirty limit,
as in MgB2, but the question of whether the dirty limit
is achieved is still open [59]. The T−linear dependence
of Hc2 was found in other superconductors. In KOs2O6
it was explained in terms of orbital limiting mecha-
nism, due to missing spatial inversion symmetry [66]. In
organic superconductor κ-(BEDT-TTF)2Cu[N(CN)2]Br,
T -linear dependence was found in magnetic fields parallel
to the two-dimensional plane [67, 68]. Interestingly, here
the behavior at ambient pressure closely follows a square
root dependence as expected for paramagnetic Pauli lim-
iting [69], while with pressure this dependence becomes
close to T -linear [67, 68]. A similar trend is found in
other organic superconductors [70], and possible rela-
tion of T -linear dependence to the formation of inhomo-
geneous Fulde-Ferelle-Larkin-Ovchinnikov state [71, 72]
was suggested by the experiments on samples with vary-
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FIG. 5. (Color online) The temperature-dependent
anisotropy parameter γ(T ) ≡ Hc2,a(T )/Hc2,c(T ) normalized
to its value at T = 0 in pristine SrFe2(As1−xPx)2, x = 0.35
(filled red circles). For the reference we show γ(T/Tc)/γ(0)
in clean iron-pnictide superconductors, - nodal KFe2As2 (blue
squares) [48], and full-gap LiFeAs (green triangles) [45].
ing disorder [73].
CONCLUSIONS
In summary, using pulsed field tunnel-diode resonator
(TDR) measurements, we have determined the up-
per critical fields along two principal crystallographic
directions in single crystals of isoelectron-substituted
SrFe2(As1−xPx)2 at optimal doping, x = 0.35. We found
that the shape of Hc2(T ) curves is different for the fields
perpendicular and parallel to the tetragonal c−axis. It
shows WHH-like behavior with clear saturation as T → 0
for H ‖ ab−plane and practically T -linear variation for
H ‖ c-axis. We show that the shape of the Hc2(T ) curves
is not affected much by heavy ion irradiation, which sup-
presses Tc andHc2(0) by the same amount. We do not see
any special features in the Hc2,c(T ) line, corresponding to
a matching field of 25 T in heavy-ion irradiated samples.
The temperature dependence of Hc2 for two principal di-
rections in SrFe2(As1−xPx)2 is similar to that found in a
nodal superconductor KFe2As2 [48], but is different from
that of fully gapped LiFeAs[45]. This similarity may be
suggestive that the anomalous linear shape of Hc2,c(T ) in
iron pnictides may be related to a nodal superconducting
gap.
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